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Introduction
The harp seal (Pagophilus groenlandicus) is an abundant, migratory species distributed throughout most of the North Atlantic. Three populations are identified based on pupping location: the Northwest Atlantic, the White Sea/Barents Sea, and the Greenland Sea. The Northwest Atlantic population is the largest and breeds off the northeast coast of Newfoundland and in the southern Gulf of St Lawrence. During summer, most harp seals are in Arctic waters feeding heavily; in late autumn, they migrate south and disperse across the Grand Banks or move through the Strait of Belle Isle en route to the southern Gulf of St Lawrence. They continue to feed until late February or early March, then form large aggregations to pup; mating takes place 2 weeks after parturition. Following mating, the adults disperse to feed, then haul-out in large herds in late April and May to moult. The northward migration into Arctic waters is traditionally in late May and early June (Sergeant, 1991; Stenson and Sjare, 1997; Hammill and Stenson, 2000; Stenson and Hammill, 2004) .
The total population of harp seals in the Northwest Atlantic has been estimated by several models (Lett and Benjaminsen, 1977; Lett et al., 1978; Winters, 1978; Roff and Bowen, 1983; Shelton et al., 1995; DFO, 2000a; Hammill and Stenson, 2005) . Although these studies have taken different modelling approaches, it is generally believed that the number of harp seals declined during the post-war commercial seal hunt from 3 million in 1952 to 1.8 million by the early 1970s. Following the imposition of the first harvest quotas, the population increased throughout the 1970s and early 1980s. With the demise of the large vessel hunt in 1983, catches dropped further, and the population increased to an estimated 4.7 million seals in 1990 and 5.5 million seals in 1996, a level at which it has remained relatively stable since (Hammill and Stenson, 2005) . Based on a pup-production survey conducted in 2004, the population was estimated to be 5.8 million seals (95% CI ¼ 4. 1 -7.6 million; Hammill and Stenson, 2005 ; Figure 1 ). These significant changes in the size of the Northwest Atlantic harp seal population have been accompanied by changes in the long-term reproductive potential for females (Bowen et al., 1981; Sergeant, 1991) . Pregnancy rates, age-specific pregnancy rates, and mean age at sexual maturity (MAM) are of particular importance for understanding the population dynamics, as well as providing a sound scientific base for sustainable management and resource use. Several authors have suggested that one or a combination of these reproductive parameters varied in a densitydependent manner between the 1950s and the early 1980s. Sergeant (1966 Sergeant ( , 1973 Sergeant ( , 1976 Sergeant ( , 1978 and Winters (1978) suggested that the mean age of whelping declined concurrently with population size, but that the pregnancy rate of older females (aged 8þ years) had not changed. Lett and Benjaminsen (1977) and Lett et al. (1978) presented evidence that both parameters changed with the declining population. Bowen et al. (1981) reviewed and reanalysed all available data and concluded that both MAM and pregnancy rate changed significantly as the population declined. They found that the MAM declined from 6.2 years in 1952 to 4.5 years in 1979 and that the pregnancy rate of mature females increased from 85 to 95%. They also considered it likely that density-dependent mechanisms were involved, but emphasized that sufficient empirical data were still lacking. Rivard (1978) and Bowen et al. (1981) stressed that our understanding of any density-dependent relationship was unlikely to improve until the harp seal population increased to a high level sometime in the future.
The Northwest Atlantic harp seal population is currently at the highest level ever estimated, and data from 1980 to the present are available to examine how reproductive parameters have varied with increasing population size. However, during this same period, the ecosystem in the Northwest Atlantic has undergone significant changes, from a demersal-fish-dominated system to one dominated by shellfish (Lilly and Carscadden, 2000; Rice, 2002) . Many of the observed changes in biomass, distribution, habitat use, timing of migration, and reproductive biology of many fish, marine mammal, and seabird species (Parsons and Lear, 2001; Lilly and Carscadden, 2002; Rice, 2002) occurred from 1987 to 1996, when oceanographic conditions were 0.5 -2.08C cooler than normal (Drinkwater, 1996 (Drinkwater, , 2002 Carscadden et al., 2001) . Since then, water temperatures have returned to the 20-year norm, but many biological components of the ecosystem have not, emphasizing the complex and poorly understood nature of these large-scale changes. The objectives of this study are to present the data available on reproductive parameters of Northwest Atlantic harp seals from 1980 to 2004, and to examine longer-term changes in these parameters since the early 1950s relative to changing population size and a changing marine environment.
Material and methods
Female reproductive tracts and jaws have been collected from harp seals in Newfoundland and southern Labrador waters since 1980 and 1985, respectively. The most consistently sampled region is the northeast coast of Newfoundland, which is next to key winter and spring feeding habitat, as well as the location of pupping and moulting aggregations (Sergeant, 1991; Stenson and Sjare, 1997; Figure 2) . Samples were collected during most times of the year, with emphasis on the period November-May (few seals were taken during late spring and summer by when most animals have migrated north). The biological collection programme ( Figure 2 ) involved 18 -45 experienced seal hunters from around the province, as well as technical and research personnel from the Department of Fisheries and Oceans (DFO). Potential sample biases were minimized by ensuring that a core group of hunters from different areas of the province obtained a random sample of seals over an extended period in the period between late autumn and early winter or spring. Vessel-based expeditions led by DFO personnel to collect seals in moulting aggregations were timed so that all sexes and age classes of seals would be hauled out on the ice, and sampling effort was distributed throughout the patch. Historical data collected before 1980 were obtained from Bowen et al. (1981) and are based on similar samples collected primarily from northeast Newfoundland (Figure 2) during spring (late March and April) or winter (January/February). Biological samples were obtained from seals killed by experienced seal hunters using humane methods, as specified in the Marine Mammal Regulation Act of Canada and approved by DFO Animal Care Protocols.
Seal ages were determined to the nearest year by sectioning a lower canine tooth and counting dentine annuli (Fisher, 1954; Bowen et al., 1983) . Researchers studying the species consider the technique to be reliable and precise for seals ,10 years old . Reproductive status was assessed by examining the ovaries and the uterus (Fisher, 1954; Bowen et al., 1981) . Reproductive tracts were either preserved in 10% formalin or frozen in the field; in the laboratory, ovaries were cut into 2.0-mm thick serial sections for examination. Females were considered immature if the ovaries were small and contained only inactive follicles with no corpus luteum (CL) or corpus albicans (CA). If there was evidence of a CL and/or CA in either ovary, the seal was considered mature. Mature females sampled in late autumn and winter (October-February) were designated as pregnant or non-pregnant based on the presence or absence of a large, fully luteinized CL in one of the ovaries and, since 1990, evidence , 1960 (after Hammill and Stenson, 2005 .
Female harp seal reproductive parameters in the NW Atlantic of a developing foetus and an enlarged, ruggose uterus. Non-pregnant females in late autumn and winter lacked an active CL, but showed evidence of having ovulated previously (i.e. a CA was present).
Pregnancy rate was defined as the proportion of mature females pregnant at the time of sampling. Age-specific pregnancy rates were defined as the proportion of females pregnant in a particular age class, regardless of maturity status. Given that the blastocyst in harp seals does not implant until some 3 months after fertilization (Fisher, 1954; Sergeant, 1991) , the pregnancy status of a female is most reliably determined in late autumn and winter, when a lateterm foetus should be present. Therefore, only autumn and winter samples were used to estimate pregnancy and age-specific pregnancy rates. Ovulation rate was defined as the percentage of mature females that had ovulated at the time of sampling; only April and May samples were used to estimate it.
MAM and variance of age at sexual maturity were calculated following DeMaster (1978, 1984) , using a life-table approach. Ovulation, pregnancy, and age-specific pregnancy rates were analysed as data from a binomial distribution. Logistic regressions were used to analyse the rates as a function of year and/or changing population size (SAS, 1999) . Linear regressions were used to examine the relationships between MAM, year, and population size. Given that means and calculated variances were used, an adjustment was made to the standard regression procedure to ensure that appropriate sample sizes and within-year variance in MAM were incorporated into the analysis. The variance -covariance matrix of MAM and the predictor (calculated using PROC CORR in SAS) weighted by the sample size used in each year to calculate MAM was used by the regression as the input data (TYPE ¼ COV in PROC REG in SAS). This procedure addressed the among-year variance in MAM. Further, the additional pooled variance in MAM was calculated from var ¼ P t ½varðtÞ Ã ðn t =ðn t À 1ÞÞ P t n t À 1
where t is the year and was added to the variance in MAM in the variance -covariance matrix before conducting the regression to include the within-year variance in MAM. Long-term changes in reproductive parameters were evaluated relative to changes in the size of the 1þ harp seal population (i.e. pups born in that year not included) lagged by 1 -5 years. The lags selected were considered to be the most ecologically relevant, given the reproductive physiology of harp seals (Bowen et al., 1981) . Estimates of total population size from 1960 to 2004 were obtained from an age-structured model that incorporates independent survey estimates of pup production, annual estimates of agespecific pregnancy rates, and removals (i.e. reported catches, bycatch, and seals "struck and lost"; Hammill and Stenson, 2005) . This formulation of the model placed two important limitations on the analyses conducted in this study. As the model provided estimates beginning in 1960, ovulation and MAM data from the 1950s could not be included in regression analyses examining long-term changes related to population size. This limitation also determined the starting year of analyses that regressed MAM against the 1þ population estimates lagged by 1 -5 years. Given that age-specific pregnancy rates are an input variable for the population model for harp seals, the relationship between pregnancy rate and the size of the 1þ population is not independent, so is not presented here.
Results
Annual ovulation rates for mature females (Table 1) were .96% until the mid-1980s, but then appeared to decrease to a low of 71% from 1988 to 1991. Unfortunately, small sample sizes during the late 1980s and early 1990s made it difficult to determine the timing and extent of this decrease. Since the early 1990s, estimated rates have risen to 90 -95%, but are more variable. Ovulation rate declined significantly both with year (logistic regression, x 2 ¼ 8.02, p ¼ 0.0046; Figure 3 ) and with the 1þ population lagged by 1 year (logistic regression, x 2 ¼ 7.77, p ¼ 0.0053; Figure 4 ). To determine whether the trend was affected by the low sample sizes of the mid-1980s, two additional analyses were carried out. First, all samples collected from 1986 to 1991 (n ¼ 70) were combined and analysed, then all samples collected from 1988 to 1992 (n ¼ 137) were similarly combined and analysed. In both cases, the ovulation rate declined significantly with year and the 1þ population lagged by 1 year.
Although annual pregnancy rates for mature females varied considerably, there was a significant relationship with year (logistic regression, x 2 ¼ 271.96, p , 0.0001; Table 2, Figure 5 ). In 1954, the pregnancy rate was 86%, rose to 95% during the mid-to late 1960s, then remained at that level until the late 1970s. Subsequently, the rate steadily declined; from 2000 to 2004, it has ranged from 45 to 69%, with the time-series low in 2004.
Annual age-specific pregnancy rates for all females aged 3 -8þ years (Table 3) were highly variable, particularly from 1982 to 1986 (there were data gaps during 1954-1964 and 1970-1978) . However, some trends were discernible when these data were blocked by 5-year periods ( Figure 6 ). The pregnancy rate for 3-year-old seals remained relatively low throughout the timeseries. For seals aged 4 and 5 years, the proportion pregnant was higher in 1954 than during the mid-1960s, then it peaked at the time-series high during the late 1970s and early 1980s. The rates were lower during the next three periods, with the series low observed in the early 1990s for seals aged 4 years and the mid-1990s for seals aged 5 years. The change in pregnancy rate for females aged 6 and older was notably less pulsed, although in general, rates were higher in the earlier part of the time-series, but declined during the late 1980s and early 1990s to the low level at which they have remained. The MAM declined from 5.8 (s.e. ¼ 0.02) in 1954 to a low of 4.1 (s.e. ¼ 0.02) years in 1979 (Table 4, Figure 7 ). It remained at 4.5 years through most of the 1980s, but then increased in 1988 to 5.5 years, where it remained throughout the 1990s. From 2000 to 2004, it varied from 4.9 (s.e. ¼ 0.01) to 6.0 (s.e. ¼ 0.01) years, with 2004 being the time-series high. Levels from 1954 to 1979 and from 1980 to 2004 varied significantly with year, but the r 2 was low in each analysis (Tables 5 and 6 , respectively). Regression analysis of these two datasets as a function of changing 1þ population size (lagged by 1 -5 years) explained up to 53.4% of the total variation in the early (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) timeseries, and 63.9% for the 1980-2004 time-series (Tables 5 and  6 ). When the MAM from the entire time-series was regressed against year and the 1þ population lagged 1 -5 years, the results were significant (except for the first population lag) as a consequence of the large sample sizes, but there was little biological relationship between the variables (Table 7, Figure 8 ).
Discussion

Changes in reproductive parameters
Although Bowen et al. (1981) found no relationship between ovulation rates and declining population size from 1952 to 1979 (they did not test for year effects), the data presented here suggest that this parameter varied significantly with both 1þ population size and year. Despite small sample sizes in some years, particularly during the late 1980s, the generally lower rates from 1995 to the present day suggest a biological basis for these changes. The differences between annual ovulation rates and pregnancy rates in recent years indicate either no implantation in an increasing number of females or a high incidence of interuterine mortality. These data are notable because pinniped ovulation rates are thought to remain relatively constant for females in the prime of their reproductive life except during "extreme" climatic events and/or during severe food shortages (Trillmich, 1993; Boyd et al., 1999) . Although the population of harp seals increased until 1995, the decline and subsequent period of variability in the rates were concurrent with major changes in oceanographic conditions and the trophic structure of the Northwest Atlantic marine ecosystem. Therefore, it is not certain that a density-dependent response to changing population size is the primary explanation for these observations.
Pregnancy rates increased from 86%, during the mid-1950s when the population was estimated to be 3 million seals, to 95% during the early 1970s, when there were approximately 1.8 million seals. By 1980, rates had begun to decline, and they continued to do so throughout the 1990s and 2000s to a low of 65%. Concurrently, the population steadily increased at a rate of 5 -7% per year until 1996, then stabilized at 5.5 million seals (Hammill and Stenson, 2005) . Although these data are consistent with a population-mediated, density-dependent response, the relationship between pregnancy rates and changes in the 1þ population size could not be examined owing to a lack of independence, given the formulation of the current population model. Therefore, it was not possible to confirm the findings of Bowen et al. (1981) that there was evidence of a density-dependent response to declining populations between 1952 and 1979. However, the relationship between pregnancy rate and year was Rates were based on the proportion of mature females pregnant in the sample. Figure 6 . Summary of age-specific pregnancy rates for harp seals from 1954 to 2004 using blocked periods. Rates are based on the proportion of pregnant females in a particular age class regardless of maturity status. See Table 3 for details on sample size. Rates are based on the proportion of pregnant females in a particular age class regardless of maturity status.
Female harp seal reproductive parameters in the NW Atlantic significant and characterized by the steady post-1980 decline in rates during a period when the population was growing and the Northwest Atlantic ecosystem was changing.
Using just reproductive data from females in the late stages of pregnancy minimizes any biases in rates resulting from pseudopregnancy, embryo absorption, and early-term abortion. However, the approach does limit sample sizes and could introduce other potential biases. There is some age segregation in the migratory behaviour and habitat use of harp seals (Sergeant, 1991) , which could introduce bias if sampling were restricted spatially or temporally. However, the biological collection programme was designed to minimize this potential problem by ensuring that samples were obtained throughout the wintering range and during an extended period from October to February. In recent years, there have been reports of an increase in the number of seals remaining in West Greenland waters during early winter (December-January) and, in 2007, evidence of limited pupping activity in southern Greenland waters (Rosing-Asvid, 2008) . These observations raise the possibility that not all seals are returning to Newfoundland and Labrador waters to give birth and mate. However, Rosing-Asvid (2008) also noted that the number of seals observed in Greenland waters during winter was low and that any late migrating seals would still have sufficient time to reach traditional pupping areas by March. Although the origin of the pups (1000) observed in 2007 in southern Greenland is not known for certain, it is likely that they were part of the Greenland Sea population that pups off the southeast coast of Greenland (ICES, 2008; Rosing-Asvid, 2008) . Currently, there is no evidence of a significant change in the distribution of Northwest Atlantic harp seals that would introduce a sampling bias in reproductive data collected from seals in Newfoundland and Labrador waters.
Pregnancy rates for pinnipeds are commonly reported to range between 50 and 90%, with substantial interannual variation in response to prey availability and perhaps to changes in population density (Boyd et al., 1999) . The pregnancy rates of harp seals observed before 1980 are at the high end of this range, whereas the post-1990 rates fall at the bottom or middle of the range. Several populations of fur seals and sea lions are sensitive to variations in krill abundance and/or the effects of El Niño events and have experienced sharp, shorter-term declines in reproductive potential more extreme than harp seals, but usually not as sustained (e.g. Lunn and Boyd, 1993; Trillmich, 1993) . Data on the pregnancy rate from other populations of harp seals are sparse and, when available, not directly comparable with Northwest Atlantic data, because most were collected during the springmoulting period and analysed using different techniques. However, for the Barents Sea seal population, a pregnancy rate of 84% was estimated from a sample of 32 females taken in early autumn from 1990 to 1993 (Kjellqwist et al., 1995) , and can be compared directly with this study. The samples were collected during years when the availability of key prey of harp seals in the Barents Sea was low, and the seals were thought to be foodstressed (Frie et al., 2003) . These data and observations suggest that a rate of 84% may be in the lower range of rates for that population, but it is still notably higher than post-1990 rates for Northwest Atlantic females. However, the mean age at maturity for Barents Sea harp seals was much higher than observed in the Northwest Atlantic (see below), which may indicate that the factors affecting the two populations were different.
The long-term trend in age-specific pregnancy rates of females aged 3 -8þ years was consistent with the predicted order of change in fecundity for long-lived mammals experiencing either rising population densities or declining resources as a consequence of environmental stochasticity (Eberhardt, 1977 (Eberhardt, , 2002 Gaillard et al., 2000) . Females aged 4 and 5 years exhibited more extreme and rapid changes in pregnancy rates than older seals; however, all age classes exhibited low rates throughout the 1990s and early 2000s. Identifying the underlying causal mechanisms for both the pulse in productivity during the early 1980s for younger seals and the subsequent decline is difficult, given that both population size (Hammill and Stenson, 2005) and the marine environment were changing (Colbourne et al., 1994; Parsons and Lear, 2001; Lilly and Carscadden, 2002; Rice, 2002) . Despite these problems, age-specific pregnancy rates appeared to have been responsive to the stressors affecting seals over the long term. This study supports the conclusion of Bowen et al. (1981) that monitoring this parameter was useful for gaining a better understanding of population dynamics and for developing population management initiatives, regardless of whether or not the underlying mechanism is a density-dependent response to population change. Reproductive performance can also be impaired by density-independent mechanisms, such as contaminants or disease (O'Shea, 1999) . Although some data are available on contaminant burdens of harp seals (Ronald et al., 1984 : Hellou et al., 1990 Yeats et al., 1999) , loads are low relative to those thought to affect reproduction in other pinniped species (O'Shea, 1999; Ross, 2000; Ross et al., 2004) . Brucellosis and morbillivirus (PDV) are also known to influence the reproductive performance of mammals, and both have been identified in harp seals from the Northwest Atlantic. However, there is no direct evidence that either have had an effect on reproduction in this population (Dulgnan et al., 1997; Nielsen et al., 2001; Tryland et al., 2005) . There was no evidence of any synergistic affects of contaminants, increasing population size, or disease susceptibility on the reproduction of harp seals during this study. The relationship between MAM and the changing size of the 1þ population over the whole time-series was extremely weak, regardless of the lag used; the residual patterns in this analysis suggested a non-linear response. Although the changes in MAM were in the direction expected for a density-dependent response, the magnitude of the more recent changes was inconsistent with changes in MAM during the period 1950-1980 and the growth and size of the population from 1980 to 2004. Given this attribute of the dataset and the lack of population estimates extending back to the 1950s, a more complex modelling approach was not pursued in this study. The stronger relationship between MAM and declining population size from 1952 to 1979, demonstrated by Bowen et al. (1981) and compared with the analysis presented here, was likely attributable to the inclusion of the 1950s data. There is no obvious explanation for the abrupt decline in MAM in the late 1970s and the subsequent stepped increase in the late 1980s, except that sample sizes were low for several of the years and had to be combined. There is also no obvious explanation for the high estimate of MAM in 2004. The lack of compelling evidence for a density-dependent response suggests that other ecological factors are impacting the relationship between population abundance and changes in MAM. The relatively narrow ranges of variation in MAM (4.1 -6.0 years), over a time when population size and the marine environment changed significantly, suggest that this parameter is of limited value as an indicator of population dynamics for harp seals in the Northwest Atlantic.
The range of MAM for Northwest Atlantic harp seals is consistent with data from the Greenland Sea population, where estimates have remained stable at 5.6 years from 1959 to 1990 (Frie et al., 2003) . However, for the Barents Sea harp seal population, MAM increased from 5.4 to 8.2 years during the period 1962-1993 (Kjellqwist et al., 1995; Frie et al., 2003) . It is not clear if this higher and wider range of MAM observed for the Barents Sea has a biological basis or is a sampling bias. However, the calculation of MAM in all three populations is based on samples collected almost entirely (the Barents and Greenland Seas) or in part (Northwest Atlantic) from the spring-moulting patches.
There are potential biases when sampling females to determine reproductive status during the moulting period, because temporal and/or spatial segregation of animals based on sex and age exist within a patch (Roff and Bowen, 1983; Sergeant, 1991; Øien and Øritsland, 1995) . Males and immature seals tend to haul-out 2 weeks earlier than females. Younger seals may first haul-out in more peripheral areas of the aggregation, then gradually become more integrated with the main herd as the spring melt progresses. In their study of Greenland Sea harp seals, Frie et al. (2003) found that the largest differences in the estimates of MAM were between two consecutive years, and noted that this may have been through spatial segregation of age classes in the moulting patch. In the Barents Sea, from 1988 to 1993, when MAM was estimated to be 8.2 years, there was no strong indication of temporal or spatial sampling biases of moulting seals per se (Frie et al., 2003) . However, those authors could not exclude the possibility that there may have been a shift in the age structure of the moulting patch attributable to significant changes in the annual migration behaviour of the seals and a dramatic increase in mortality of younger seals taken as bycatch in fishing gear during this period (Haug et al., 1991; Haug and Nilssen, 1995) . Since 1980 in the Northwest Atlantic, the timing of scientific expeditions and the sampling protocols used to collect seals from moulting patches have been planned to minimize these potential biases as much as possible. Although there were abrupt changes in the estimates of MAM in this time-series too, the consistency across multiple years indicates that these changes likely represent a biological change rather than a sampling bias.
Potential role of a changing marine environment
The sustained, relatively low pregnancy and age-specific pregnancy rates of harp seals during the late 1980s and 1990s took place during a period of large-scale ecosystem change. Colder-than-normal oceanographic conditions in the Northwest Atlantic (Colbourne et al., 1994; Drinkwater, 1996 Drinkwater, , 2002 Colbourne, 2002) have contributed to significant changes in abundance, reproductive biology, distribution, and habitat use of many demersal fish (Atkinson, 1994; Gommes et al., 1995; DFO, 2002a) , pelagic fish (Lilly et al., 1994; DFO, 2000b DFO, , c, 2001 Lilly and Simpson, 2000) , and crustaceans (Parsons and Colbourne, 2000; DFO, 2002b, c) . Of these changes, the most important, in terms of understanding the influence of the marine environment on seal-reproductive potential, may be those involving schooling pelagic fish. Capelin (Mallotus villosus), Arctic cod (Boreogadus saida), sandlance (Ammodytes dubius), and herring (Clupea harengus) are seasonally important prey species for harp seals (Lawson et al., 1995; Lawson and Stenson, 1997; Stenson and Perry, 2001) . Therefore, changes in their abundance and/or availability could have impacted the growth, condition, and reproductive potential of females (Laws, 1956 (Laws, , 1959 Eberhardt, 1977; Frisch, 1978; Stewart and Lavigne, 1984; Boyd, 1991) .
Traditionally, capelin have been the dominant prey species for harp seals in Newfoundland and Labrador waters during late autumn, early winter, and spring, whereas Arctic cod has been dominant in the northern summering areas (Sergeant, 1991) . However, from the mid-1980s through the mid-1990s, both the timing and occurrence of capelin spawning in nearshore areas became more variable (Nakashima, 1996; Carscadden and Nakashima, 1997; Carscadden et al., 2001) , whereas the abundance of capelin on the Grand Banks declined and exhibited a significant southward shift in distribution (Frank et al., 1996) . Concurrently, the biomass of Arctic cod increased significantly in coastal areas of Newfoundland and on the Grand Banks during all seasons (Lilly and Simpson, 2000) . There were also significant increases in the biomass of northern shrimp (Pandalus borealis; DFO, 2002c) and sandlance (Lilly and Simpson, 2000) offshore. Herring abundance in Newfoundland waters has declined since the 1970s, but fish were still present in some coastal areas during the 1980s and 1990s (DFO, 2000c) . Although the diet of harp seals is diverse and varies with the age of the seal, location, and habitat (i.e. inshore vs. offshore), some of these large-scale changes in the abundance/biomass and the distribution of prey species have been detected in the diet (Lawson et al., 1995; Lawson and Stenson, 1997; Stenson and Perry, 2001) .
These data suggest that the seasonal availability of important prey species may have changed markedly for various components of the seal population. Seals consuming prey species of lower quality (Lawson et al., 1998) could fail to meet their optimum energy requirements. Longer-term trends in the growth and condition of harp seals in Newfoundland and Labrador support this interpretation. Growth rates for young female and young male seals (,5 years) sampled from 1990 to 1994 were significantly lower than at any other period (Chabot et al., 1996; DFO, 2007) . Additionally, harp seals taken in the Gulf of St Lawrence from 1988 to 1992 were in poorer condition that those taken from 1976 to 1979 (Hammill et al., 1995) . More recently (1995 -2001) , there have been many observations from Newfoundland and Labrador fishers suggesting that juvenile harp seals from some areas of the province were in poor condition during late autumn (W. Penney, DFO, pers. comm., July 2006) . Therefore, the relationship between the patterns of the large-scale change in the availability of important prey species and the ability of seals to locate prey (given their highly mobile foraging behaviour) is likely an important factor in determining how reproductive potential responds to both the changing environment and population size (Wang et al., 2006) .
An example of this type of ecological scenario has been reported for the Barents Sea harp seal. Frie et al. (2003) concluded that large-scale ecosystem changes in the Barents Sea influenced the reproductive potential of female harp seals by reducing per capita resource levels. The high estimate of MAM for seals in the Barents Sea (8.2 years) from 1988 to 1993 coincided with the severe depletion of herring and capelin stocks and a highly variable abundance of Arctic cod stocks. It was also during this time that Barents Sea harp seals invaded the Norwegian coast (1986 -1988) . Haug and Nilssen (1995) suggested that the invasions resulted from food shortages attributable to the simultaneous low abundance of all three key pelagic forage fish species. In addition, the body condition of seals caught in 1988, when the capelin was depleted, was significantly lower than that of seals caught in 1993, when capelin stocks were beginning to recover (Haug and Nilssen, 1995) . Frie et al. (2003) concluded that the severity of the food shortage for seals in the Barents Sea may be the most plausible explanation for the high estimates of MAM for that population.
As yet, it is not possible to identify specific causal relationships between changes in the ecosystem and the availability of food resources, the growth and condition of seals, and the reproductive potential of harp seals in the Northwest Atlantic. However, there is sufficient evidence to suggest that the large-scale changes since the mid-1980s are important and have likely modified the pattern of density-feedback interactions between the reproductive potential of seals and changing population size. Ongoing studies of seal diets in offshore waters of Newfoundland, long-term changes in the condition and growth of female seals, and on foraging behaviour will contribute significantly to our knowledge of how ecosystem change influences the reproduction of harp seals and their population dynamics.
